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Abstract
We study the behaviour of elastic and diffractive proton dissociation cross sections at
high energy. First, we describe what would be expected to be observed at the LHC based
on conventional Regge theory. We emphasize the tension between these expectations
and the recent LHC measurements, and we discuss the possibilty to modify the classic
Reggeon Field Theory in a physically-motivated way so as to accommodate the tendencies
observed at the LHC. As a result, we show that we are able to achieve a ‘global’ description
of the wide variety of high energy elastic and diffractive data that are presently available,
particularly from the LHC experiments. The model is based on only one pomeron pole, but
includes multi-pomeron interactions and, significantly, includes the transverse momentum
dependence of intermediate partons as a function of their rapidity, which provides the
rapidity dependence of the multi-pomeron vertices. We give predictions for diffractive
observables at LHC, and higher, energies.
1 Introduction
Elastic proton-proton scattering is an important fundamental reaction, which provides infor-
mation not only about the 2 → 2 strong interaction amplitude, but, via unitarity, it contains
generalized (integrated) information about the sum of all inelastic processes as well.
1Contribution to the special issue of the International Journal of Modern Physics A on ”Elastic and diffractive
scattering” coordinated by Christophe Royon.
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The experimental and theoretical study of elastic interactions has a long history (see e.g
[1, 2, 3, 4, 5, 6]). Rather than presenting a complete review, here we concentrate on some
non-trivial tendencies of the high energy amplitude which can be seen from the LHC Run 1
data. Processes, such as pp→ X+p and pp→ X+Y , where one or both protons dissociate, are
intimately connected to elastic scattering pp → p + p. Here the + sign indicates the presence
of a large rapidity gap. We survey the experimental information available for such high-energy
diffractive processes, and discuss how to obtain a global overall framework to simultaneously
describe all these data. We emphasize the phenomenological features extracted from such a
global description of these measurements, in which the recent LHC data play a major role.
We start by discussing the description of high-energy elastic scattering based on pomeron
exchange, and on how unitarity is preserved using an eikonal approach. In Section 3 we extend
the framework to allow for quasi-elastic processes, such as pp→ p+N∗. In Section 4 we show
how to formulate the description of proton dissociation into high mass states, which involves the
introduction of multi-pomeron couplings. In Section 5 we consider the experimental data for
high-energy diffractive processes – and emphasize the puzzles one faces in trying to understand
the qualitative behaviour of the recent LHC measurements, which considerably extend the
types of measurements that have become available. Section 6 describes an attempt to obtain
a ‘global’ simultaneous description of all these various measurements. In Section 7 we present
our conclusions, and predictions for diffractive observables at various energies. We recall some
of the main properties of the QCD pomeron in Appendices A and B.
We shall see that, in order to reproduce the qualitative features of the LHC diffractive data,
we are led to introduce the energy and rapidity dependence of the proton-pomeron and multi-
pomeron couplings. From the old Reggeon point of view this dependence may seem unexpected.
Recall, however, that these couplings are dimensionful quantities, whose values are controlled by
the corresponding transverse momenta of partons. On the other hand, the experiments at the
LHC have already observed the growth of the kt of secondaries with increasing collider energy.
This growth is a natural consequence of the diffusion in lnkt space predicted for the QCD
pomeron within the BFKL approach. In this paper we simply parametrise the kt behaviour to
match, simultaneously, the wide variety of available high-energy diffractive data obtained from
the LHC experiments. The origin of the low kt diffusion and the role of the absorptive effects
are discussed in Appendix A.
2 Eikonal approach to elastic scattering
Diffractive processes caused by pomeron exchange are usually described within the framework
of Reggeon Field Theory (RFT) [7]. In the simplest case, the high energy elastic scattering
amplitude, Tel, (and correspondingly the total cross section) is parametrized by single pomeron
exchange. The trajectory of this effective (soft) pomeron reads
αP (t) = 1 + ∆ + α
′
P t , (1)
2
with ∆ = 0.08 and α′P = 0.25 GeV
−2 [8].
However, already two-particle s-channel unitarity generates a series of the non-enhanced
multi-pomeron diagrams leading to the eikonal approximation. The unitarity relation is of the
form
2 Im Tel(b) = |Tel(b)|2 +Ginel(b) , (2)
where G is the sum over all the inelastic intermediate states. The solution gives an elastic
amplitude,
Tel = i(1− e−Ω/2) , (3)
where one pomeron exchange describes the opacity Ω(s, b), which depends on the square of the
incoming energy, s, and the impact parameter, b. The opacity plays the role of the phase, iδl,
of the amplitude with orbital momentum l = b
√
s/2; that is Ω/2 = 2iδl.
σtot(s, b) = 2(1− e−Ω/2), (4)
σel(s, b) = (1− e−Ω/2)2, (5)
σinel(s, b) = 1− e−Ω, (6)
Note, from (6), that
S2(b) ≡ e−Ω (7)
is the probability that no inelastic interaction occurs at impact parameter b. Later, we will see
that this observation will enable us to calculate the probability that large rapidity gaps survive
soft rescattering.
In terms of the opacity the elastic cross section takes the form
dσel
dt
=
1
4pi
∣∣∣∣∫ d2b eiqt·b(1− e−Ω(b)/2)∣∣∣∣2 = 12
∣∣∣∣∫ bdb J0(qtb)(1− e−Ω(b)/2)∣∣∣∣2 (8)
where qt =
√|t|.
2.1 Elastic cross section at fixed s
As far as we are going to describe the elastic scattering at one fixed energy it is not a problem to
find an appropriate parametrization for the opacity Ω(b) and to tune the parameters to repro-
duce the observed dσel/dt cross section. Moreover, one can fix the form of the parametrization,
but choose, at each particular energy, the corresponding values of parameters; see, for example,
[9] and [10, 11].
Alternatively, we may simply take the Fourier transform from the experimental data [12, 13]
ImT (b) =
∫ √
dσel
dt
16pi
1 + ρ2
J0(qtb)
qtdqt
4pi
, (9)
3
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Figure 1: The continuous curves are the total contribution to the elastic cross section, and the
dashed curves are the contribution of the real part of the amplitude, at three collider energies: 7,
14 and 100 TeV.
where square root represents ImTel(qt), with ρ ≡ ReT/ImT . In this way, we first determine
ImT from the data for dσel/dt, and then calculate Ω(b) using (3), assuming that ρ is small or
ρ(t) =constant. In fact, later on, we assume ρ2  1 (which is actually well justified except in
the diffractive dip region; see Fig. 1, where we present the ρ2-contribution to the elastic cross
section, dσel/dt, calculated within the model described in Section 6 at
√
s = 7, 14 and 100
TeV). In other words the elastic cross section probes the optical density (i.e. the opacity) of
the proton.
The results obtained via (9) are shown in Fig. 2, where we compare Ω(b) obtained from
elastic differential cross section data at Spp¯S [14, 15, 16], Tevatron [17, 18] and LHC [19]
energies. At the lower two energies the Ω(b) distributions have approximately Gaussian form,
whereas at the LHC energy we observe a growth of Ω at small b. The growth reflects the fact
that the TOTEM data indicate that we have almost total saturation at b = 0. Note that,
according to (3), the value of ImT (b = 0) → 1 corresponds to Ω → ∞. Since actually we do
not reach exact saturation, the proton opacity at b = 0 is not ∞, but just large numerically.
Clearly, in this region of b, the uncertainty on the value of Ω is large as well, see Fig. 2.
2.2 Elastic scattering as a function of both s and t
It is more complicated to describe simultaneously both the t and the energy (
√
s) dependence
of the elastic cross sections. That is to describe the energy dependence of the opacities, Ω(b),
4
√s (TeV)
W (b)
b  (Fm)
7
1.8
0.546
Figure 2: The proton opacity Ω(b) determined directly from the dσel/dt data at 546 GeV [14, 15, 16],
1.8 TeV [17, 18] and 7 TeV [19] data. The uncertainty on the LHC value at b = 0 is indicated by a
dashed line.
obtained via (9) or in the previous (fixed energy) analysis.
We first discuss the high-energy behaviour expected in the eikonal model (3) with the
opacity given by the exchange of one pomeron with a linear trajectory of slope α′P and intercept
αP (0) > 1. In this case the corresponding opacity is
Ω(s, b) =
∫
d2qt
4pi2
Ω(s, qt) e
iqt·b (10)
with
Ω(s, qt) = −iηP (t)gN(t)gN(t)
(
s
s0
)αP (t)−1
, (11)
where gN(t) is the proton-pomeron coupling and where the conventional dimensionful scale
s0 = 1 GeV
2 is taken; finally ηP is the signature factor of the pomeron
ηP (t) = − 1 + exp(−ipiαP (t))
sinpiαP (t)
. (12)
If we assume, as usual, an exponential t dependence of the coupling, gN(t) = gN(0) exp(b0t),
then the opacity generated by one pomeron pole is
Re Ω(s, qt) = gN(0)gN(0)
(
s
s0
)αP (0)−1
exp(Bt) (13)
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where the t-slope of the amplitude is
B = 2b0 + α
′
P ln
(
s
s0
)
. (14)
We consider here just the real part of the opacity Ω, neglecting the phase of pomeron exchange.
For more precise calculations we restore the real part of the amplitude T (b) by making use
of dispersion relations, see Section 6.1. Inserting (13) into (10) we find that the high-energy
amplitude has a gaussian form in b-space
Re Ω(s, b) =
g2N(0)
4piB
(
s
s0
)αP (0)−1
exp(−b2/4B) , (15)
So, to reiterate, the exchange of a single pomeron pole gives a total cross section with a
power-like energy dependence,
σtot ∝ s∆ with ∆ ≡ αP (0)− 1, (16)
and an amplitude with a Gaussian profile in b-space, with an effective radius of interaction which
increases at high energies as
√
α′P ln(s/s0). If we take for the pomeron the DL parametrisation
[8], then, at LHC energies, the Gaussian exceeds the black disc limit for small b.
However, eikonal unitarization damps the power growth of the one pomeron exchange cross
section. Thus, in (15), Ω(s, b) ∝ (s/s0)αP−1 gives an amplitude Im Tel(s, b) = 1 − e−Ω/2 < 1.
Hence the total cross section is limited by the size of the effective interaction area σtot < 2piR
2,
where the interaction radius R can be estimated from (15). To be explicit, at high energies we
may write (15) as
Ω(s, b)
2
=
g2N(0)
8piB
exp
(
∆ln(s/s0)− b
2
4α′ ln(s/s0)
)
, (17)
 1 for b2 < R2 = 4∆α′ ln2(s/s0) (18)
and so tends to the black disc limit for b <∼ R. Thus we expect that at higher energies the cross
section will increase slower than the s0.08 predicted by the Donnachie-Landshoff fit [8].
The next observation is that we expect the t-slope B of the elastic cross section to increase
with |t| up to the first diffractive dip. Indeed, let us start with a relatively small one-pomeron
amplitude and consider the two-pomeron contribution corresponding to the Ω2 term in the
expansion of the eikonal 1 − exp(−Ω/2). In this term the momentum transferred, qt =
√|t|,
is divided between the two pomerons so that each pomeron carries about a momentum qt/2.
Correspondingly the t dependence of the whole ’two-pomeron’ amplitude will be exp(2B(t/4)) =
exp(Bt/2). In other words, the two pomeron contribution, which has an opposite sign in
comparison with the one pomeron exchange, has a twice smaller t-slope2. Therefore the effective
2In terms of the impact parameter representation, the Ω2(b) term is concentrated in a domain of a smaller
radius.
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slope of the whole amplitude increases when the higher Ωn order terms start to cancel the one-
pomeron contribution 3 and this effect should be more pronounced at a higher energies when
the diffractive dip occurs at lower |t| values.
2.3 Surprises in the LHC elastic data
Prior to the LHC (in the pre-LHC era) the energy behaviour of elastic pp, pp¯, pip, Kp cross
sections dσel/dt (i.e. the Ω(b, s)) was satisfactorily reproduced by the sum of the pomeron
and the secondary Reggeon contributions (see, for example, [20]. However above Tevatron
energies the secondary Reggeons contributions completely die out and the situation illuminates
the properties of the pomeron alone. Contrary to the expectations described above, the total
cross section in the Tevatron – LHC energy interval starts to grow faster, not more slowly, than
below the Tevatron energy, and, secondly, the slope of the effective pomeron trajectory, α′eff ,
increases [21].
In particular, the DL fit predicts σtot = 90.7 mb at
√
s = 7 TeV, while TOTEM observes
98.6±2.2 mb [22]. Moreover, the elastic slope was measured at the Tevatron (√s = 1.8 TeV)
to be Bel = 16.3± 0.3 GeV−2 by the E710 experiment [17] and to be Bel = 16.98± 0.25 GeV−2
by the CDF group [18]. Even starting from the CDF result, and using the α′P = 0.25 GeV
−2,
we expect, from (14),
Bel = 16.98 + 4× 0.25× ln(7/1.8) = 18.34 GeV−2 (19)
at 7 TeV, while TOTEM finds 19.9±0.3 GeV−2 [22]. Next, in the relatively low |t| < 0.3 − 0.4
GeV2 region we do not see the expected increase of t-slope as |t| increases.
3 Extending the eikonal approach
The one-channel eikonal described in Section 2 is a rather naive oversimplified approximation.
It provides hints of the behaviour we may expect of elastic cross section, but clearly it does
not give the whole story. Moreover, even within the framework of the one-channel eikonal, the
expectation that t-slope grows with |t| may be masked by other effects. First, there is no reason
why the t dependence of the proton-pomeron coupling gN(t) has to be a pure exponent. If,
instead, we were to assume a power dependence, like gN(t) ∝ 1/(1 − t/t0)2, then the effective
slope generated by the coupling decreases with |t|. Next, there exists a two-pion singularity
at t = 4m2pi (close to the physical region) in the pomeron trajectory (1) which also generates
some positive curvature (that is, some decrease of t-slope) in the behaviour of dσel/dt [23, 24].
Moreover, this last effect also increases with energy. So there may be some compensation
3At very high energies, the amplitude Tel(b) takes the form of the Θ function, Tel(b) ' iΘ(R(s) − b). The
corresponding Fourier integral (8) gives the Bessel function J1(
√
tR)/
√
tR, which has a t-slope which increases
with |t|.
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between the negative curvature caused by the eikonal (arising from the interference between
the different multi-pomeron contributions), and the positive curvature coming from the form of
the proton-pomeron coupling and the two-pion singularity of the pomeron trajectory. However,
an exact compensation looks quite non-trivial and it is not easy to explain the observed almost
pure exponential behaviour of dσel/dt up to |t| ∼ 0.3 − 0.4 GeV2. Of course, it is possible to
reproduce such a behaviour by tuning parameters, but the reasons for this ”fine tuning” are
not known. At the moment, it appears to be just an accident.
3.1 Non-locality of the proton (and of the pomeron)
In order to make the analysis more realistic and self-consistent we have to discuss, not only the
elastic process, but the whole set of the soft phenomena, including the diffractive dissociation of
the incoming protons – that is the single and double proton dissociation processes pp→ X + p
and pp→ X +Y where the + sign denotes the presence of a large rapidity gap. Recently, data
from Run 1 of the LHC have become available for these processes, and force us to study the
phenomenological description of soft phenomena in more detail. The observations of proton
dissociation indicate that we have to take account of the fact that neither the pomeron nor the
proton are the local elementary objects but have their own structure. As we will see, there are
sound theoretical reasons why we must include this structure in a description of the data for
‘soft’ high energy interactions.
Indeed, diffractive dissociation can only occur as a consequence of the internal structure of
the proton. This is simplest to describe at high energies, where the lifetimes of the hadronic
fluctuations are large, τ ∼ E/m2, and during these time intervals the corresponding Fock
states can be considered as ‘frozen’. Each hadronic constituent can undergo scattering and
thus destroy the coherence of the fluctuations. As a consequence, the outgoing superposition
of states will be different from the incident proton, and will most likely contain multiparticle
states, so we will have diffractive dissociation, as well as elastic scattering.
We will discuss the structure of the pomeron in Section 4, but, first, we introduce the
Good-Walker formalism for (low-mass) diffractive dissociation.
3.2 Good-Walker approach: low-mass dissociation
To discuss diffractive dissociation, it is convenient to follow Good and Walker [25], and to
introduce states φk which diagonalize the T matrix which describes different p→ N∗, N∗a → N∗b
transitions caused by the nucleon-pomeron couplings, gab. Such eigenstates only undergo elastic
scattering. Since there are no off-diagonal transitions
〈φj|T |φk〉 = 0 for j 6= k (20)
a state k cannot diffractively dissociate in a state j. We have noted that this is not true
for the proton due to its internal structure, So one way of proceeding is to enlarge the set of
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intermediate states (p,N∗a ), from just the single elastic channel, and to introduce a multichannel
eikonal. Another possibility is to work in terms of the Good-Walker eigenstates φj, having a
simple one-channel eikonal for each state.
Let us express the cross section in terms of the probabilities Fk of the hadronic process
proceeding via the various diffractive eigenstates φk. We denote the orthogonal matrix which
diagonalizes ImT by a, so that
ImT = aFaT with 〈φj|F |φk〉 = Fk δjk. (21)
Now consider the diffractive dissociation of an incoming proton described by the state |i〉. We
may write
|i〉 =
∑
k
aik |φk〉. (22)
The elastic scattering amplitude satisfies
〈i|Im T |i〉 =
∑
k
|aik|2 Fk = 〈F 〉, (23)
where Fk ≡ 〈φk|F |φk〉 and where the brackets of 〈F 〉 mean that we take the average of F over
the initial probability distribution of diffractive eigenstates. After the diffractive scattering
described by Tfi, the final state |f〉 will, in general, be a different superposition of eigenstates
from that of |i〉, which was shown in (22). At high energies we may neglect the real parts of
the diffractive amplitudes. Then, for cross sections at a given impact parameter b, we have
dσtot
d2b
= 2 Im〈i|T |i〉 = 2
∑
k
|aik|2 Fk = 2〈F 〉 (24)
dσel
d2b
= |〈i|T |i〉|2 =
(∑
k
|aik|2 Fk
)2
= 〈F 〉2 (25)
dσel + SD
d2b
=
∑
k
|〈φk|T |i〉|2 =
∑
k
|aik|2 F 2k = 〈F 2〉. (26)
It follows that the cross section for the single diffractive dissociation of a proton,
dσSD
d2b
= 〈F 2〉 − 〈F 〉2, (27)
is given by the statistical dispersion in the absorption probabilities of the diffractive eigenstates.
Here the average is taken over the components k of the incoming proton which dissociates. If
the averages are taken over the components of both of the incoming particles, then (27) is the
sum of the cross section for single and double dissociation.
Note that if all the components φk of the incoming proton |i〉 were absorbed equally then
the diffracted superposition would be proportional to the incident one and the diffractive disso-
ciation of the proton would be zero. Thus if, at very high energies, the amplitudes Fk at small
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impact parameters are equal to the black disk limit, Fk = 1, then diffractive production will
be equal to zero in this impact parameter domain and so will only occur in the peripheral b
region. There are hints that such behaviour is already starting to be approached in pp (and pp¯)
interactions at Tevatron energies. Hence the impact parameter structure of diffractive dissoci-
ation and elastic scattering is drastically different in the presence of strong s channel unitarity
effects.
At first sight, it appears that if we were to enlarge the number of eigenstates |φi〉, then
we could, in principle, include even high-mass dissociation, pp → X + p, where one proton
dissociates into a system X of high-mass M . However, here we face the problem of double-
counting when partons originating from dissociation of the beam and ‘target’ initial protons
overlap in rapidities. For this reason high-mass dissociation is usually described by “enhanced”
multi-pomeron diagrams. We explain this procedure in Section 4.2.
4 Structure of the pomeron
Originally the pomeron was introduced to describe the (approximately) constant behaviour of
hadron-hadron cross sections with increasing energy in the (relatively) high energy domain.
The pomeron was considered, formally, as just a pole in the complex angular momentum plane,
see, for example, [26]. Such an approach is close to the DL fit [8].
Then it was recognized that we cannot restrict the description to only one pomeron ex-
change: s-channel unitarity generates multi-pomeron (non-enhanced) diagrams, while including
t-channel unitarity we obtain more complicated ‘enhanced’ multi-pomeron diagrams.
From the microscopic point of view the pomeron 4 was thought to be built from the sum
of ‘ladder’ type diagrams, originally from hadrons5, but now, with the arrival of QCD, from
gluons – we speak of the BFKL or QCD pomeron. The summation of such ladder diagrams
never gives one individual pole, but a few poles (in the hadronic multi-peripheral case) or a
series of poles, or even a cut, in the LO BFKL case [29]. Therefore it looks plausible to consider
a model in which we parametrise the vacuum exchange (effective pomeron) amplitude by a few
poles.
This possibility was exploited in [30] where the elastic total cross section was described
by two pomerons; one with intercept 0.09, and a second with a much higher intercept 0.36.
The residue of the latter (small size) pomeron has a relatively flat t-behaviour, so that it
contributes mainly to the low b region. Recall that accounting for the boundary condition in a
low kt (confinement) region, the BFKL vacuum singularity becomes a series of the poles, which
in the first approximation may be mimicked by two poles. The problem, however, is that in the
case of BFKL the highest intercept pole corresponds to the ‘ground state’ of the two t-channel
gluon system and so should have the largest coupling to the proton, while to describe the data
4see [27] for a review.
5The first multi-peripheral model [28] sums up diagrams with t-channel pions which emit ρ, f2, .. mesons.
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one needs this rightmost pole to have a relatively small coupling6. That is at lower energies the
major contribution is provided by the lower intercept pole. So only above the Tevatron energy
does the rightmost pole (with a large intercept) become noticeable.
More general analyses based on multi-channel eikonals for more than one pomeron, were
performed e.g in KMR [31, 32, 33, 34], GLM [35, 36], Ostapchenko [37], Anisovich et al. [38, 39].
Note that [37] includes two diffractive (G-W) eigenstates and two pomerons. Unfortunately
these two pomerons were collected in a single pomeron propagator. So the natural possibility
to have each pomeron with its own individual coupling was not exploited.
The structure of the pomeron was exploited further in [32], where the pomeron wave function
was considered as a system of two t-channel gluons with the transverse momentum kt. The
kt dependence of the couplings was included explicitly; that is we deal, not with just a few
pomerons. Instead we deal with the internal structure of the pomeron written in terms of
its wave function which is a function of kt. Numerically this is was mimicked by a set of
pomeron states with different kt, and we had the possibility to trace the BFKL-like diffusion
as transitions between states with different kt during the evolution in rapidity. We shall see
in Section 6 that this kt dependence is crucial to understand the behaviour of the recent LHC
elastic and diffractive data.
4.1 Enhanced absorption: multi-pomeron diagrams
Until now, we have accounted for the rescattering of the incoming partons only. However,
from a microscopic point of view (both ‘hard’ QCD and ‘soft’) pomeron exchange is described
by a set of ladder-type diagrams. Thus we cannot exclude the rescattering of intermediate
partons (produced inside this ladder during the evolution). In terms of the RFT these effects
are described by the triple- (g3P = g
1
2) and the multi- (g
n
m) pomeron vertices, that is by the
pomeron-pomeron interactions. The vertex gnm couples m to n pomerons.
4.2 High-mass dissociation
The first and simplest multi-pomeron diagram is the triple-pomeron graph, shown at the end
of Fig. 3, and again in Fig. 4(c). From Fig. 3 we see, that by generalising the optical theorem
to the dissociative process, pp→ p+X, this triple-pomeron diagram applies when X is a high
mass system. Indeed, in the absence of absorptive corrections, the corresponding pp→ p+X
cross section is given by
M2dσSD
dtdM2
=
g3P (t)gN(0)g
2
N(t)
16pi2
( s
M2
)2α(t)−2 (M2
s0
)α(0)−1
, (28)
6However, it is not excluded that a large effective coupling of the lower intercept term is actually due to the
summation over a large number of poles, each with relatively small intercepts and couplings.
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Figure 3: Optical theorems for the total cross section and for high-mass diffractive dissociation.
The expressions shown are for the bare amplitudes. At high energies these bare amplitudes have
sizeable absorptive corrections, which are not shown in the figure.
where gN(t) is the coupling of the pomeron to the proton and g3P (t) is the triple-pomeron
coupling. The value of the coupling g3P is obtained from a triple-Regge analysis of lower
energy data. Mainly they are the data on proton dissociation taken at the CERN-ISR with
energies from 23.5→ 62.5 GeV.
The problem, with the above determination of g3P , is that the value obtained is actually an
effective vertex with coupling
geff = g3P 〈S2〉 (29)
which already includes the suppression S2(b) = exp(−Ω(b)) – the probability that no other
secondaries, simultaneously produced in the same pp interaction, populate the rapidity gap
region denoted by the + sign in pp → p + X, see (7). Recall that this survival factor S2
depends on the energy of the collider. Since the opacity Ω increases with energy, the number
of multiple interactions, N ∝ Ω, grows7, leading to a smaller S2. Thus, we have to expect
that the naive triple-pomeron formula with the coupling [1, 40], measured at relatively low
collider energies will appreciably overestimate the cross section for high-mass dissociation at
the LHC. A more precise analysis [41] accounts for the survival effect S2eik caused by the eikonal
rescattering of the fast ‘beam’ and ‘target’ partons. In this way, a coupling g3P about a factor
of 3 larger than geff is obtained, namely g3P ' 0.2gN , where gN is the coupling of the pomeron
to the proton. The analysis of Ref. [41] enables us to better allow for the energy dependence
of S2eik. We will show how to include the absorptive corrections to formula (28) when we come
to describe the LHC data for high-mass diffractive dissociation.
Fig. 4 pictorially summarizes the extension of the description of the elastic amplitude, which
enables the related low- and high-mass proton dissociative processes to be included. Notice the
inclusion of other multi-pomeron graphs, besides the triple-pomeron graph, in diagram (c).
7This is because at larger optical density Ω we have a larger probability of interactions.
12
Figure 4: (a) The single-channel eikonal description of elastic scattering; (b) the multichannel
eikonal formula which allows for low-mass proton dissociations in terms of diffractive eigenstates
|φi〉, |φk〉; and (c) the inclusion of the multi-pomeron-pomeron diagrams which allow for high-mass
dissociation.
5 The high energy diffractive data
We are now in a position to confront the ‘soft’ data. So let us summaise the present experimental
situation.
At the moment, data for diffractive processes are available at 7 TeV. The most detailed
data come from the TOTEM collaboration. TOTEM have measured the total and elastic
cross sections (in a wide t interval including the dip region) [42, 22], the cross section of low-
mass (MX < 3.4 GeV) diffractive single (pp → p + X) [43] and double (pp → X1 + X2) [44]
dissociation; and made preliminary measurements of high-mass single proton dissociation, σSD,
integrated over the three intervals of MX : namely (3.4, 8); (8, 350); (350, 1100) GeV [45]. In
addition we have the inelastic cross sections and the cross sections of events with a Large
Rapidity Gap (LRG) measured by the ATLAS [46], CMS [47] and ALICE [48] collaborations.
Moreover, we have valuable data on elastic and proton dissociation from experiments at the
Tevatron [17, 18, 49].
5.1 Potential puzzles and tensions in the data sets
Formally the diffractive dissociation data from different groups do not contradict each other,
since they are measured for different conditions. However there appear to be several potential
puzzles and tensions between the data sets.
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• First, it is not easy to accommodate simultaneously the TOTEM result for σSD and the
yield of LRG events observed by ATLAS/CMS.
• Moreover, the TOTEM σSD cross section looks too small in comparison with the value
of dσSD/dξdt cross section measured by CDF at Tevatron energy, as given in [49]. In
particular, at
√
s = 1.8 TeV, with a proton momentum fraction transferred through the
pomeron of ξ = 1− xL = 0.01 and −t = 0.05 GeV2, the CDF collaboration claim
dσ/d ln ξdt ' 2 mb/GeV2, (30)
while TOTEM at
√
s = 7 TeV gives about8 1.2 mb/GeV2, for the same mass of the
diffractive state, MX ∼ 100−200 GeV. That is, TOTEM has a cross section about factor
1.7 smaller than CDF. On the other hand, naively, we would expect the value of the
diffractive dissociation cross section to increase with energy.
• Next the cross section dσSD/d ln ξ in the first (3.4 to 8 GeV) MX interval is more than
twice larger than that in the central interval. Of course, according to the triple-Regge
formula, a pomeron intercept αP (0) > 1 leads to an increase of the cross section when
ξ decreases, but by the same argument we have to observe a larger cross section at the
LHC than at the Tevatron, for the same value of MX , contrary to the data.
• An analogous problem is observed for low-mass dissociation, where the cross section,
σlowMXSD , was about 30% of the elastic cross section at CERN-ISR and fixed target energies
[50], whereas it turns out to be only 10% at the LHC [43].
• The ‘factorisation’ relation between the observed elastic, single and double proton disso-
ciation cross sections is intriguing, and appears not easy to explain. This puzzle merits
discussion in a separate subsection, see Section 5.2.
• To this list, we add the surprises in the elastic data mentioned in Section 2.3
We will seek an single explanation of all these puzzles by performing a global description
to all the data. The result is presented in Section 6. But, first, let us explain the penultimate
puzzle in more detail.
5.2 Factorisation and Double Dissociation
The recent TOTEM measurement of high energy double dissociation [44] opens the way to
study the relation between elastic, single dissociation and double dissociation cross sections.
Let us check this relation to see why it is a potential problem.
8To obtain this estimate we have divided the cross section (3.3 mb for single proton dissociation of both
incoming protons) measured in the central 8 < MX < 350 GeV interval by the size (∆ lnM
2
X = 7.56) of the
rapidity interval, and accounted for the corresponding t-slope (B = 8.5 GeV−2) observed by TOTEM [45]. Thus
we obtain dσSD/d ln ξdt = (3.3 mb/2/7.56)× 8.5 GeV−2 × exp(−8.5× 0.05) = 1.2 mb/GeV2.
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Figure 5: A pictorial representation of the naive factorization formulae of (32) and (31), resulting
from the simplest pomeron exchange diagrams for (a) DD, (b) SD*SD and (c) elastic ac scattering.
It is convenient to evaluate the dissociation cross sections in impact parameter space, so we also
show the variables bi.
Within the framework of RFT, the simplest Reggeon diagram which describes the cross
section of high-mass diffractive double dissociation at high energies is the pomeron exchange
diagram shown in Fig. 5(a). As clear from Fig. 5, it is natural to expect the factorization
relation
dσDD
dtdη1dη2
=
dσSD
dtdη1
dσSD
dtdη2
/
dσel
dt
. (31)
to be valid. Note that relation (31) is written for the differential cross section for some fixed
value of the square of the momentum transfer t, and not for the cross sections integrated over
t. The corresponding naive integrated factorisation relation is
σDD =
(σSD)
2
σel
or
σDD σel
(σSD)2
= 1, (32)
where here σSD is the single dissociation cross section from one proton, not the sum of both
dissociations. Before we compare the factorisation relation with the cross sections obtained by
the TOTEM collaboration at
√
s = 7 TeV, we must include some obvious violations expected
for the naive form (32).
First, the relation is violated by the different t-slopes, B, of the elastic, single and double
dissociation cross sections. Indeed, at 7 TeV the corresponding slopes are: Bel ' 20 GeV−2[19,
22], BSD ' 10 GeV−2 for the lowest mass interval9 in [45], and the estimated slope
BDD ' 4B3P + 2α′P |η1 − η2| = 3.8 GeV−2. (33)
corresponding to the TOTEM experimental kinematics with |η1−η2| ∼ 10. For the estimate of
BDD we take the value α
′
P = 0.05 GeV
−2 obtained in Section 6.3 to describe the elastic proton-
proton cross section, and we put the slope of the triple-pomeron vertex B3P = 0.7 GeV
−2
9To be specific, the preliminary values of the slopes observed by TOTEM [45] in their three mass intervals
are BSD = 10.1, 8.5, 6.8 GeV
−2 respectively, with 15% errors.
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(which is consistent with the H1 data on elastic and proton dissociative J/ψ photoproduction
at HERA [51]). Thus we already expect a violation of the naive relation (32) by a factor
B2SD/BelBDD ∼ 1.36.
More serious are the role of the eikonal rapidity gap survival factors S2eik. Both the single
and the double dissociative cross sections are suppressed by S2. However, S2SD enters (32) as
the square of S2SD, while S
2
DD enters as the first power. The elastic scattering cross section,
which results from unitarity, has no explicit S2 suppression, but, after accounting for the multi-
pomeron diagrams, its value becomes less than that given by single pomeron pole exchange,
that is 2ImT (b) < Ω(b), see (3). Using the ‘elastic’ parameters obtained in the global fit to the
‘soft’ data (given in Section 6.1 below) we find a suppression of dσ/dt|t=0 by a factor of about
6.8. Moreover, double dissociation occurs typically at somewhat larger values of the impact
parameter, b, so S2DD > S
2
SD, see, for example, [24, 52]. These observations all lead to the
left-hand-side being larger than the right-hand-side of (32).
Thus, it is not a surprise to find sizeable breaking of naive factorisation. The question is
whether we can account for the actual observed size of the breaking. Using the global model,
described below, we find S2SD ' 0.08 and a twice larger S2DD ' 0.16. Thus, including the
suppression of the elastic cross section and the slope factor, our estimate so far is
σDD σel
(σSD)2
' 1.36
6.8
0.16
(0.08)2
' 5.0. (34)
On the other hand, the TOTEM data give a much smaller violation of factorisation
σDD σel
(σSD)2
' 0.116× 25
(0.9)2
' 3.6, (35)
where here we use σDD = 0.116 mb [44], σSD = 1.8/2 = 0.9 mb
10[45] and σel = 25 mb[19, 22].
We will have to see if our global description will also resolve this difference.
6 Global description of ‘soft’ high-energy data
The puzzles in the energy behaviour of the diffractive cross sections, that we discussed above,
result from attempting to describe the data within the eikonal framework based on pomeron
exchange, together with multi-pomeron (absorptive) corrections. These suggest that there is a
missing, physically-motivated, ingredient in the model. What can it be?
We find that the missing ingredient, such that all these puzzles may be explained semi-
quantitatively, is that the values of the pomeron couplings should not be fixed, but allowed to
decrease with energy due to the growth of kt of the intermediate partons along the pomeron
10The TOTEM result of 1.8 mb corresponds to single dissociation of both protons, in the same rapidity interval
as used for their measurement of σDD.
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exchange ladder11. That is, we study the role of the energy (and rapidity) dependence of the
transverse momenta of gluons which form the pomeron and find that this dependence enables
us to reproduce the new qualitative properties observed at the LHC.
Recall that the mean pt of secondaries, 〈pt〉, indeed grows with energy. In particular, the
tuning of the Pythia8 Monte Carlo [53] required the introduction of an energy dependent
infrared cutoff k2min ∝ s0.24.
Bearing in mind the relatively small value of the triple-pomeron and the multi-pomeron ver-
tices, we start with the simplest Reggeon diagrams, then include the absorptive (gap survival)
effects caused by the eikonal and consider the role of the increasing transverse momenta which
lead to the decrease of the pomeron (and the multi-pomeron) couplings (∝ 1/kt) with increas-
ing kt. To make the discussion more transparent we will not include explicitly the enhanced
diagrams (which account for the rescattering of the intermediate ladder partons). The role of
these diagrams is mainly to renormalize (decrease) the intercept of the original (bare) pomeron
and to enlarge the characteristic transverse momenta, due to the stronger absorption of the
partons with low kt. Therefore, below, we will use renormalized parameters of the pomeron
trajectory12, obtained by fitting to the data, together with a reasonable assumption about the
energy and rapidity behaviour of kt.
In the following subsections we describe the fit to the various types of diffractive data.
Although these discussions may seem to be self-contained analyses, we emphasize that they are
just parts of a simultaneous ‘global’ description of all types of high-energy diffractive data. We
give a discussion in Section 7, together with a summary of model predictions of high energy
diffractive observables.
6.1 Description of elastic scattering
In terms of the G-W framework, the differential elastic cross section takes the form
dσel
dt
=
1
4pi
∣∣∣∣∣
∫
d2b eiqt·b
∑
i,k
|ai|2|ak|2 (1− e−Ωik(b)/2)
∣∣∣∣∣
2
, (36)
where −t = q2t , and in which both of the incoming proton states are expressed as a linear sum
over the diffractive eigenstates, |p〉 = ∑i ai|φi〉. The opacity is driven by one-pomeron-exchange
11Note that, in conventional RFT, it was assumed that all the transverse momenta are limited (and small).
On the other hand, the mean transverse momentum of secondaries increases with energy (due to the stronger
absorption of the low kt partons). Thus there is a physics reason to revise this assumption and to include some
rapidity/energy dependence of kt into the RFT approach.
12The major role of the enhanced diagrams is the renormalisation of the pomeron trajectory and vertices. The
remaining effects of the multi-pomeron interactions (that is, the multi-pomeron vertices gmn ) is not so strong.
So at present we will include the minimal number of such vertices, gmn , needed to obtain high-mass single or
double dissociation.
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(between states φi and φk in the b-representation)
Ωik(s, b) =
∫
d2qt
4pi2
Ωik(s, qt)e
iqt·b (37)
with
Ωik(s, qt) = gi(t)gk(t)
(
s
s0
)αP (t)−1
, (38)
where gi is the coupling of the φi eigenstate to the pomeron. We use a two-channel eikonal;
that is, two G-W diffractive eigenstates i, k = 1, 2. The normalization, ImT = sσ, is such that
the pomeron-nucleon couplings
gi = γi
√
σ0Fi(t), (39)
where the form factors satisfy Fi(0) = 1. Thus the cross section for the interaction of eigenstates
φi and φk, via one-pomeron-exchange, is
σik = σ0γiγk(s/s0)
∆. (40)
The form factors are parametrized as
Fi(t) = exp((−bi(ci − t))di + (bici)di). (41)
The ci term is added to avoid the singularity t
di in the physical region of t < 4m2pi. Note that
Fi(0) = 1.
The parameters bi, ci, di, together with the intercept and slope of the pomeron trajectory
are tuned to describe the elastic scattering data, paying particular attention to the energy
behaviour of low mass dissociation cross section. We first discuss the description of the elastic
data.
In order to correctly describe the dip region we must include the real part of the amplitude.
We use a dispersion relation. For the even-signature pomeron-exchange amplitude this means
A ∝ sα + (−s)α and so we have Re A
Im A
= tan(pi(α− 1)/2). (42)
That is, we restore the complex Ω(b) by means of the usual signature factor
ηP (t) = i− cotan(piαP/2) = i+ tan(pi(αP − 1)/2), (43)
which follows from (12). Formula (42) is transformed into b-space, so that the complex opacities,
Ωik(b) in (37) can be constructed. For each value of b, that is for each partial wave l, we calculate
α and determine Re A from (42).
The resulting real and imaginary amplitudes, T (b), are shown in Fig. 6 for elastic proton-
proton scattering and for the individual eigenstates φi contributions at
√
s = 7 and 100 TeV.
Note that for the whole elastic amplitude, Ttot(b), we still do not reach the black disk limit at
7 TeV. Even at 100 TeV, it is reached only for small b, namely b < 0.4 fm. On the other hand,
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Figure 6: The real and imaginary parts of the amplitude of elastic proton-proton scattering, Ttot(b),
together with the contributions arising from the individual diffractive eigenstates φi. That is Ttot =
|a1|2|a1|2T11 + 2|a1|2|a2|2T12 + |a2|2|a2|2T22, as follows from the summation over i, k in (36).
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the large size (and large cross section) eigen-amplitude T11 already reaches the black disk limit
at rather large b, namely at b <∼ 1 fm for
√
s = 7 TeV. The real parts of the amplitudes are
small at large b and as b → 0; their maximum corresponds to the interval where ImT is most
steep.
In order to reproduce the cross section in the diffractive dip region we find that the form
factors, (41) have to have powers d1 = 0.52 and d2 = 0.51, close to the form used long ago
by Orear et al., F = exp(−b√t) [54]. The values of the other parameters are c1 = 0.35, c2 =
0.25, b1 = 4.7, b2 = 4.1 in GeV units. In addition we take |a1|2 = 0.265, with |a2|2 = 1− |a1|2,
and σ0 ≡ (gN(0))2 = 57 mb, where gN(t) is the proton-pomeron coupling13.
The resulting description of the elastic data is shown in Fig. 7. The description of the
proton-antiproton scattering at large |t| > 0.6 GeV2 is not perfect. This may be caused by the
fact that we do not include secondary reggeon contributions. We also are not considering here
a possible Odderon exchange contribution.
6.2 Description of low-mass dissociation
The next part of the ‘global’ description that we discuss is low-mass dissociation. Here the
experimental information is a puzzle in that the cross section σlowMXD goes from about 2 − 3
mb at the CERN-ISR energy14 of 62.5 GeV to only 2.6 ± 2.2 mb at 7 TeV at the LHC [43].
Thus σlowMXD is about 30% of σel at 62.5 GeV and only about 10% at 7 TeV, whereas we would
expect these percentages to be about the same for single pomeron exchange. This problem was
discussed in [33], and its resolution involves more understanding of the decomposition of the
G-W diffractive eigenstates |φi〉.
The Good-Walker framework was discussed in Section 3.2 for single proton dissociation.
The generalisation to double dissociation is straightforward. For completeness we give the full
expressions for the elastic and the ‘total’ low-mass diffractive cross sections (analogous to (25)
and (26) respectively)
σel =
∫
d2b
∣∣∣∣∣ ∑
i,k
|ai|2|ak|2 (1− e−Ωik(b)/2)
∣∣∣∣∣
2
, (44)
σel+SD+DD =
∫
d2b
∑
i,k
|ai|2|ak|2
∣∣(1− e−Ωik(b)/2)∣∣2 , (45)
where SD includes the single dissociation of both protons. So the low-mass diffractive dissoci-
ation cross section is
σlowMD = σel+SD+DD − σel. (46)
13The explicit values of the factors γi, and the parametrisation of their energy behaviour, will be described
in the next subsection, since the dispersion of the gNi couplings (caused mainly by the γi) is the major factor
controlling the probability of low-mass dissociation.
14The relevant experimental references are [61, 62, 63, 64, 65]
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Figure 7: The description of pp or (pp¯) elastic data. The references to the pre-LHC elastic data
can be found in [14, 15, 16, 18, 17, 55, 56, 57, 58, 59, 60]. Here LHC refers to 7 TeV and the data
are from [42, 22].
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We are now ready to resolve the puzzle of the energy dependence of σlowMXD . The pomeron-
|φi〉 coupling, gi, is driven by the impact parameter separation, 〈r〉, between the partons in the
|φi〉 state. The well known example is so-called colour transparency, where the cross section
σ ∝ α2s〈r2〉 [66, 67, 68, 69]. However, if the transverse size of the pomeron, (∼ 1/kt), becomes
much smaller than this separation, then the cross section (and coupling) will be controlled by
the pomeron size, that is by the characteristic kt in the pomeron ladder. In this limit σ ∝ 1/k2t .
Such behaviour is clearly seen within the Low-Nussinov model [70, 71], where the pomeron is
represented by the two-gluon exchange amplitude, see Appendix B. Therefore it is natural to
choose the following parametrization for the pomeron-|φi〉 couplings
γi ∝ 1
k2P + k
2
i
, (47)
where the γi are defined in (39), with the normalization (γ1 + γ2)/2 = 1. Here kP is the
characteristic transverse momentum inside the pomeron, which we expect to behave as
k2P = k
2
P0
(
sx20
s0
)D
. (48)
In other words, during the evolution in ln(1/x), due to the BFKL diffusion in ln k2t [72], the
square of the characteristic momentum k2P grows approximately as a power D of 1/x. Of course,
we do not expect that the whole available ln(1/x) (rapidity) space will be subject to diffusion.
Rather, we assume, that as x decreases, the diffusion starts from some relatively low x = x0
parton with x0 = 0.1. That is, the rapidity space available for the ln k
2
t diffusion is not ln(s/s0),
but is diminished by ln(1/x0) from both sides. (As usual we use s0 = 1 GeV
2.) The typical
transverse momentum of this (starting) parton, inside the state φi, is denoted by ki in (47). In
our ‘global’ model description we take D = 0.28. The value of D is related to the s∆ behaviour,
with ∆ = 0.2 − 0.3, of resummed BFKL, which is mentioned in Section 6.3 below. However,
the relation is not direct. Rather, it is some approximation of the resummed BFKL diffusion
in ln kt. For this reason we keep D as a free parameter.
The parametrisation of γi in (47) is such that at very large energies all the γi tend to the
same value, so the dispersion shown in (27) decreases leading to a smaller probability of low-
mass proton dissociation, while at lower energies we tend to the naive expectation γi ∝ 1/k2i .
Actually the value of the additional transverse momenta kP in (47) turns out to be rather small
in the fit to the data – kP/k1 = 0.35 and kP/k2 = 0.17 at
√
s = 1800 GeV. Nevertheless the
dissociation is slowed sufficiently with increasing energy such that we achieve values of the cross
section σlowMXD which are compatible with the data – namely, we find the model gives 2.6 mb at√
s = 62.5 GeV, and 3.8 mb at
√
s = 7 TeV. The latter value is consistent with the TOTEM
measurement of 2.6±2.2 mb.
The impact parameter distributions of the elastic and proton dissociation cross sections
are shown in Fig. 8. Recall that each value of b corresponds to a definite incoming partial
wave l = b
√
s/2. Unlike the elastic case, the probability of dissociation vanishes as b → 0
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Figure 8: The cross sections for elastic and diffractive dissociation as functions of the impact
parameter, b, for
√
s = 1.8, 14 and 100 TeV. The cross for high-mass dissociation is integrated over
the same central rapidity interval as that selected by TOTEM, which corresponds to Mdiss = (8, 350)
GeV at
√
s = 7 TeV. σSD is calculated for the dissociation of one proton.
at high energies when the elastic amplitude becomes close to the black disk limit. Therefore
dissociation comes mainly from the edge of the disk. The b dependence of the cross section
for dissociation of both protons, σDD, has a more complicated structure due to the interference
between the different G-W eigenstates.
The observation that the γi → 1 at high energy, also means that the growth of the total
cross section speeds up in the CERN-ISR → LHC → 100 TeV interval. In particular, if we fix
the values of γi to those at the CERN-ISR energy (say, to the values of γi at
√
s = 50 GeV)
we obtain for
√
s = 1.8, 7 and 100 TeV the values of σtot = 74, 91 and 134 mb respectively
(instead of the values 77, 99 and 166 mb of the original version presented above). These numbers
demonstrate an important new fact. That is, that the energy dependence of the total and elastic
cross sections is not only driven by the parameters of the pomeron trajectory, but also by the
energy behaviour of the factors γi; in other words by the decomposition of the proton-pomeron
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Figure 9: (a) A schematic diagram showing the notation of the impact parameters arising in the
calculation of the screening corrections to the triple-pomeron contributions to the cross section; (b)
a symbolic diagram of multi-pomeron effects.
coupling between the different Good-Walker eigenstates. Note that this ‘acceleration’ of the
total cross section growth, due to the variation γi → 1, takes place in only one energy interval.
We are fortunate to observe it in just the Spp¯S – LHC collider interval.
6.3 Parameters of the ‘effective’ pomeron trajectory
As mentioned, for simplicity, in the present approach we do not account explicitly for enhanced
absorptive effects, which would renormalize the pomeron trajectory. Instead, we deal with
an effective renormalized pomeron. Therefore it is not surprising that the value ∆ = 0.12
found for the effective pomeron is larger than 0.08 (the value obtained when the amplitude was
parametrized by one-pole-exchange without any multi-pomeron corrections [8]), but is smaller
than the intercept, ∆ ∼ 0.2 − 0.3, expected for the bare pomeron of the resummed NLL(1/x)
BFKL approach [73, 74, 75]. Indeed, in comparison with the simple model, we explicitly account
for the non-enhanced eikonal absorption which suppresses the growth of the amplitude with
energy. Therefore to describe the same data we need a larger intercept (∆ = 0.12). On the
other hand, since we do not explicitly include the enhanced diagrams (which would also slow
down the growth of the cross section in the eikonal approach) we anticipate a smaller effective
intercept than that given by resummed BFKL. Similar arguments apply to the slope of the
effective trajectory, leading to a value15 (α′ = 0.05 GeV−2) intermediate between the BFKL
prediction (α′ >∼ 0) and the old one-pole parametrization [8] (α′ = 0.25 GeV−2).
6.4 High-mass single proton dissociation
The framework for calculating high-mass dissociation was presented in Section 4.2. The cross
section was given in (28), in the absence of absorptive corrections.
To account for the absorptive effect, it is easier to work in the impact parameter, b, repre-
sentation. To do this we follow the procedure of Ref. [41]. We first take Fourier transforms
with respect to the impact parameters specified in Fig. 9(a). Then (28) becomes
M2dσik
dtdM2
= A
∫
d2b2
2pi
eiqt·b2Ωi(b2)
∫
d2b′2
2pi
e−iqt·b
′
2Ωi(b
′
2)
∫
d2b1
2pi
Ωk(b1), (49)
15Besides the constant slope, α′, of the pomeron trajectory, we insert the pi-loop contribution as proposed in
[23], and as implemented in [24]
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where Ωi(b) is the opacity corresponding to the interaction of eigenstate φi with a intermediate
parton placed at the position of the triple-pomeron vertex, while Ωk(b) describes the opacity
of eigenstate φk from the proton which dissociates and interacts with the same intermediate
parton. The normalization constant
A = pi2/2g2N(0). (50)
After integrating (49) over t, the cross section becomes
M2dσik
dM2
= A
∫
d2b2
pi
∫
d2b1
2pi
|Ωi(b2)|2Ωk(b1) · S2ik(b2 − b1), (51)
where here we have included the screening correction S2ik, which depends on the separation in
impact parameter space, (b2 − b1), of states φi, φk coming from the incoming protons
S2ik(b2 − b1) ≡ exp(−Ωik(b2 − b1)). (52)
If we now account for more complicated multi-pomeron vertices, coupling m to n pomerons,
and assume an eikonal form of the vertex with coupling
gmn = (gNλ)
m+n−2, (53)
then we have to replace Ωi by the eikonal elastic amplitude and Ωk by the inelastic interaction
probability. That is, instead of Ωi(b2) and Ωk(b1), we put
Ωi → 2(1− e−Ωi(b2)/2), Ωk → (1− e−Ωk(b1)). (54)
Fig. 9(b) symbolically indicates multi-pomeron couplings. In (53), gN is the proton-pomeron
coupling and λ determines the strength of the triple-pomeron coupling.16
6.5 Implications of TOTEM data for σSD at high mass
There are indications that the data for high-mass dissociation are not in agreement with the M
and s dependence expected from the form of M2dσ/dtdM2, based on (28), assuming a constant
λ. From (28) we see that the cross section should increase with decreasing M2 as
(1/M2)2αP (t)−αP (0)−1 ∼ (M2)−∆. (55)
16In comparison with the (37,38) expressions the formula for Ωi contains an additional factor λ/pi, that
is we use (37) with Ωi(t) = gi(t)g3P (t) exp(∆yi(αP (t) − 1))/pi = gi(t)λgN (0) exp(B3P t + ∆yi(αP (t) − 1))/pi
where we assume the exponential dependence of g3P (t) ∝ exp(B3P t) (for the each pomeron leg; see eqs.(4.6)
and (4.7) of [41]). Here ∆yi is the rapidity interval between the proton (i) and the triple-pomeron vertex
(intermediate parton); pi in the denominator comes from the definition of the multi-Reggeon couplings; see
an extra pi (1/16pi2 and not 1/16pi as in usual elastic cross section) in (28). t dependence of the vertex is
parametrized by conventional exponent with the slope B3P = 0.7 GeV
−2 for each pomeron leg which is in
agreement with the latest H1 data on diffractive J/ψ production with proton dissociation [51] and with the
results (B3P < 1/GeV
2 is small) of the previous triple-Regge analysis [40, 41].
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However, the preliminary TOTEM data at
√
s = 7 TeV, give cross sections integrated over
the 3.4 < M < 8 and 8 < M < 350 GeV mass intervals of 1.8 and 3.3 mb respectively [45].
This translates into a cross section M2dσ/dtdM2 more than twice (∼ 2.4) smaller for M values
in the second as compared to the first mass interval, whereas (55) predicts only about a 60%
increase. This observation indicates that the value of λ (which specifies the multi-pomeron
coupling) should be smaller in the second mass interval. Secondly, since αP (0) > 1, the cross
section for fixed M2 should increase with energy (
√
s). On the other hand, the TOTEM result
is about factor 1.7 less than that measured by CDF at the Tevatron (
√
s = 1.8 TeV). Of course
at the higher LHC energy we have a stronger suppression caused by the gap survival factor S2ik
(which was not included in the simplified expression (28)), but this is not enough to explain
the discrepancy. (Note that the eikonal S2 suppression is rather well fixed after the model was
tuned to describe the elastic scattering and low-mass dissociation data.)
So we have phenomenological arguments in favour of introducing some energy dependence of
λ, which specifies the multi-pomeron couplings via (53). Since the gmn coupling is a dimensionful
quantity and the characteristic transverse momenta of the intermediate partons inside the
pomeron ladder (i.e. the size of the pomeron) depend on the rapidity of corresponding partons,
it looks natural to take
λ ∝ 1/k2t (y) . (56)
The diffusion in lnk2t occurs from both the beam and target sides of the ladder. Following (48)
we take k2T ∝ (x0/x)D for diffusion from one side and k2T ∝ (x0/x′)D from the other side; where
to evaluate x′ we use the relation xx′s = 〈m2T 〉, and assume 〈m2T 〉 = s0 = 1 GeV2. So we
parametrize kt(y) by
k2t = k
2
0
((x0
x
)D
+
(x0
x′
)D)
, (57)
where we take the same D = 0.28 and evolve from the same starting point x0 = 0.1 as (48) for
γi of (47). We calculate x
′ as x′ = s0/xs with s0 = 1 GeV2. If x > x0 we replace the x0/x ratio
by 1, and similarly for x′.
After we introduce the dependence of the multi-pomeron couplings on x, via (56) and (57),
the values obtained for the single proton dissociation cross section (integrated over the three
mass intervals used by TOTEM [45]) are shown in Table 1. We see that the agreement with
the mass dependence of the TOTEM data is now satisfactory. The t-slopes, defined by
dσSD/dt ∝ e−B|t|, (58)
evaluated, using the present model, for the interval 0.02 < |t| < 0.1 GeV2, for the three mass
TOTEM intervals are B = 8.5, 7.2, 6.0 GeV−2 respectively (the preliminary TOTEM slopes
are B = 10.1, 8.5, 6.8 GeV−2; in agreement with the theoretical results within the experimental
15% error bars).
To obtain the model predictions listed in Table 1, we have included in the last mass interval
the contribution of the secondary RRP term using the value of the RRP vertex found in the
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Mass interval (GeV) (3.4, 8) (8, 350) (350, 1100)
Prelim. TOTEM data 1.8 3.3 1.4
CMS data 4.3
Present model 2.3 4.0 1.4
Table 1: The values of the cross section (in mb) for single proton dissociation (integrated over the
three indicated mass intervals) as observed by TOTEM [45], compared with the values obtained in
the present model. Recall that TOTEM claims that their preliminary measured cross sections have
about 20% error bars. Note that the value quoted for the CMS [47] cross section of dissociation is
integrated over the 12 - 394 GeV MX interval (close to, but in terms of lnMX , a bit smaller than,
the interval (8 - 350) GeV chosen by TOTEM).
triple-Regge fit of [41]. In the other two mass intervals such a contribution is negligible (less
than 0.02 mb). We do not include the PPR contribution since it is dual to the low-mass proton
excitations, which in our approach are accounted for in terms of the G-W diffractive eigenstates.
In the present analysis we have taken λ of (53) to be energy dependent, However, we find
λ = 0.18 at relatively low energies when both x > x0 and x
′ > x0 such that λ ceases to be
energy dependent. This value is in agreement with the previous triple-Regge analysis of [40, 41].
6.6 Tension between high-mass single dissociation data
Although TOTEM have made the most detailed observations of high-mass single proton dis-
sociation in high energy pp collisions, the present ‘global’ diffractive model has been tuned to
simultaneously describe the TOTEM data together with earlier measurements of single dissoci-
ation. Here we compare with the description of measurements made by CDF at the Tevatron,
[49] and, later, in Section 6.8, we show the description of information obtained by ATLAS [46].
The comparison of the model with the cross section of single proton dissociation observed
by the CDF collaboration at
√
s = 1800 TeV and −t = 0.05 GeV2 is shown in Fig. 10. We see
that the agreement with the CDF data is not particularly good. However, note that: (a) there
is some tension between the TOTEM data on the one hand, and CDF results (as well as those
of ATLAS and CMS) on the other hand, which enforce us to tune the parameters in such a way
that we overestimate the TOTEM single dissociation data, but simultaneously underestimate
CDF, ATLAS and CMS cross sections, (b) actually these results were not published by the
CDF collaboration, but were published in a separate paper by Goulianos-Montanha [49] and a
normalization uncertainty of about 10 - 15% was not included in the error bars.
6.7 Double dissociation and multi-pomeron contributions
Recall the puzzle of (35) and (34); that is the discrepancy,
σDD σel
(σSD)2
' 3.6 (expt.) versus 5.0 (naive theory), (59)
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ξd2σ/dtdξ (mb/GeV2)
√s=1800 GeV
-t=0.05 GeV2
ξ
Figure 10: The comparison of the model with data for single proton dissociation measured by the
CDF collaboration, given in [49] but not including a normalisation uncertainty of about 10-15%.
The inclusion of the secondary Reggeon contribution RRP is responsible for the rise of the curve as
ξ increases.
between the observation and the prediction of the relation inter-connecting σel, σSD and σDD.
Our model already gives satisfactory values for σel and σSD. Below, we therefore consider
the possibility that a value of σDD consistent with the TOTEM results can be obtained by the
inclusion of more detailed properties of our present model: the forms of the distributions in
b-space, the multi-pomeron effects etc. The multi-pomeron vertices were already included in
our description of high-mass single dissociation, see eqs. (53) and (54).
We start with the simplest expression for the double-dissociative cross section, corresponding
to the process pp→ X1 +X2 diagram shown in Fig. 5(a); that is
M21M
2
2dσDD
dtdM21dM
2
2
=
g23P (t)g
2
N(0)
16pi3
(
M21
s0
M22
s0
)αP (0)−1
e2|η2−η1|(αP (t)−1) , (60)
where we have neglected the survival factor S2. Here M1 and M2 are the masses of the disso-
ciating systems from the two colliding protons, and the ηi are the (pseudo)rapidities shown on
the diagram. If we now integrate over the square of the momentum transferred, t, around the
pomeron loop, and express the opacities as a functions of their impact parameters, then (60)
takes the form
dσDD
dη1dη2
=
∫
dt
dσDD
dη1dη2dt
=
1
g4N
∫
d2b1d
2b2d
2bcΩc2(Ω12/2)
2Ω1ae
−Ωac|ba−bc| , (61)
where now we have included the rapidity gap survival factor
S2 = exp(−Ωac(|ba − bc|)). (62)
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The notation (a, 1, 2, c) is specified in the diagram 5(a). Here the opacities Ω1a and Ωc2,
between the nucleon and the corresponding triple-pomeron vertex, are defined as in (37) and
(38), but since the vertex g3P = λgN , the corresponding opacity contains an additional factor λ.
In the same way, the opacity between the two triple-pomeron vertices contains a factor (λ/pi)2;
see the footnote below eq.(54). In particular, assuming a pure exponential t dependence, this
opacity takes the form
Ω12(b12) = g
2
N
λ2
pi2
e2∆|η1−η2|
(
e−b
2
12/4B12
4piB12
)
, (63)
where the slope
B12 ≡ BDD/2 = 2B3P + α′P |η1 − η2|. (64)
The factor 1/g4N in the denominator of (61) arises because in our normalization each opacity
Ω ∝ g2N , while cross section (60) is proportional to g4N only.
To account for the multi-pomeron vertices, we have to replace Ωc2 and Ω1a by the inelastic
interaction probabilities (1 − exp(−Ωc2)) and (1 − exp(−Ω1a)), while the factor (Ω12/2)2 is
replaced by the probability of elastic parton “12” scattering, that is by (1 − exp(−Ω12/2))2.
Note that, after this eikonal unitarization, we now have no divergency in σDD even in the case
of a zero slope B12; that is, even for B3P = 0 and α
′
P = 0. Such a divergency which occurs
in (61), due to the divergency of the t integral and the corresponding divergency of Ω12 for
b12 = 0, is now protected by the parton “12” scattering amplitude, 1− exp(−Ω12/2).
In addition, the multi-pomeron vertices gmn generate gap survival factors with respect to
“1c” and “2a” inelastic interactions. Overall this gives a screening factor
exp(−Ω2a(|b2 − ba|)− Ω1c(|b1 − bc|)) . (65)
Thus, finally, we obtain
dσDD
dη1dη2
=
1
g4N
∫
d2b1d
2b2d
2bc(1− eΩc2)(1− eΩ12/2)2(1− eΩ1a) ×
× exp(−Ωac(|ba − bc|)− Ω2a(|b2 − ba|)− Ω1c(|b1 − bc|)) . (66)
Typical predictions for the differential cross section of double-dissociation, integrated over the
t, are shown in Fig. 11. They correspond to our ‘global’ description of diffractive data, and
account for the kt dependence of λ, keeping all the parameters determined as described in the
previous Sections.
After the integration over the −4.7 > η2 > −6.5 and 4.7 < η1 < 6.5 rapidity intervals
covered by TOTEM, we obtain σDD = 145 µb, close to the upper bound of the TOTEM
measurement 116 ± 25 µb [44]. It is encouraging that the more physical and complicated
structure of the present model largely reconciles the discrepancy between (35) and (34).
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ds DD/dh 1d h 2  (m b)
h 1
h 2=-6
h 2=-4
h 2=-2
√s=7 TeV
Figure 11: The cross section (in µb) for double dissociation, dσDD/dη1dη2, at the 7 TeV LHC, as
a function of the position of the rapidity gap from η1 to η2, predicted by the present model which
gives a ‘global’ description of high energy elastic and diffractive data.
6.8 Large Rapidity Gaps in central region, and SD and DD
The ATLAS [46] and CMS [47] collaborations have measured the cross section of events with
a large rapidity gap, ∆ηF , which starts before the edge of the forward calorimeter (η = 4.9
for ATLAS) and ends somewhere inside the opposite forward calorimeter or in the tracking
central detector. The ATLAS data are shown in Fig. 12, and correspond to measurements
of the inelastic cross section differential in the size of the rapidity gap ∆ηF for particles with
pT > 200 MeV. When ∆η
F decreases below about 5, the data are increasingly contaminated
by fluctuations from the hadronisation process, but for ∆ηF >∼ 5 they are a measure of proton
dissociation; in fact mainly of single proton dissociation. That is, the LRG actually starts just
from a leading proton. However, we should not neglect the contribution of events where both
protons dissociate, but the secondaries produced by one proton, say, the MX-group, go into the
beam pipe and are not seen in the calorimeter. In Fig. 12 this double dissociation contribution
is shown by the dashed curve.
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d s /dDh F (mb)
Dh
F
√s=7 TeV
DD
SD
fluctuations
+DD(low M*high M)
total
Figure 12: The ATLAS [46] measurements of the inelastic cross section differential in rapidity gap
size ∆ηF for particles with pT > 200 MeV. Events with small gap size (∆η
F <∼ 5) may have a
non-diffractive component which arises from fluctuations in the hadronization process [76]. This
component increases as ∆ηF decreases (or if a larger pT cut is used [76, 46]). The data with
∆ηF >∼ 5 are dominantly of diffractive origin, are compared with the present ‘global’ diffractive
model.
It was demonstrated in [76] that, depending on the particular mechanism of hadroniza-
tion, the fluctuations may be able to account for the data at rather small ∆ηF . To allow
phenomenologically for such a possibility we assume an exponential dependence of this contri-
bution, ∝ exp(−a|∆η|) with a = 0.9. If this term is normalized to the ATLAS data [46] then
it gives the dotted line in Fig. 12.
7 Discussion
The high energy diffractive data that are presently available cover a wide variety of processes.
These include measurements of the total and elastic pp cross sections (σtot, σel), the elastic
differential cross section (dσel/dt), the cross sections of low- and high-mass proton dissociation
(σlowMSD , σ
highM
SD ), the cross section of events where both protons dissociate (σ
highM
DD ), as well as
the probability of inelastic events with a large rapidity gap (dσ/d∆η).
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7.1 kt(y) effect
Here, we demonstrate that all these diffractive data may simultaneously be described within the
Regge Field Theoretic framework based on only one pomeron pole. However, to reach agreement
with the data, we have to include pomeron-pomeron interactions, arising from multi-pomeron
vertices, and to allow for the kt(y) dependence of the multi-pomeron vertices. Recall that,
due to the BFKL-type diffusion in ln k2t space, together with the stronger absorption of low kt
partons, the typical transverse momentum, kt, increases with energy depending on the rapidity
position of the intermediate parton or the multi-pomeron vertex. This kt(y) effect enables the
model to achieve a relatively low probability of low-mass dissociation of an incoming proton and
to reduce the cross section of high-mass dissociation in the central rapidity region in comparison
with that observed closer to the edge of available rapidity space – both of which are features
demanded by the recent TOTEM data.
Recall that such a non-trivial behaviour of the diffractive cross sections, caused by the
energy and rapidity dependence of the kt’s along the ladder, was predicted in [32], see, in
particular, Fig. 9 of that paper. Since the growth of the transverse momenta kt(y) (which leads
to a rapidity dependence of the dimensionful multi-pomeron couplings gmn and of the proton-
pomeron couplings gi as in (39) and (47)) is a crucial ingredient of our model, it would be
interesting to observe it directly. This can be done by studying experimentally the transverse
momentum distributions of secondaries near the edge of a large rapidity gap as a function
of the rapidity position of the gap edge. In particular, it could be achieved by combining
simultaneous measurements in the TOTEM and CMS detectors, when the rapidity gap is fixed
by observing the leading proton in the TOTEM roman pots, while the secondaries produced in
the ‘pomeron’-proton collision are detected by CMS.
7.2 Notes on describing dissociation data at the LHC
Even though including the kt(y) dependence considerably improves the description of the dis-
sociation data, the overall agreement with these data is not particularly good. This is mainly
due to a tension between the TOTEM and the ATLAS, CMS, CDF results17. It is possible
to improve the description of the TOTEM data on proton dissociation. We simply need a
reduction of about 10 - 15% of the starting value of λ, the parameter which specifies the muti-
pomeron coupling. However, if we do this, we will even further underestimate the M2dσ/dM2
cross section at the Tevatron, and also the probability to have a LRG in the central rapidity
region observed by the ATLAS and CMS18 groups. Here, we have tuned the model to give a
compromise solution somewhere between the CDF (ATLAS/CMS) and the TOTEM results.
17Such a tension was also emphasized by S. Ostapchenko [77].
18Recall that the CMS [47] cross section of dissociation integrated over the 12 - 394 GeV MX interval (close
to, but in terms of lnMX , a bit smaller than, the interval (8 - 350) GeV chosen by TOTEM) is noticeably larger
(4.3 mb) than that (3.3 mb) found by TOTEM.
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It is also possible to obtain a lower value of σSD integrated over the central of the three
mass intervals used by TOTEM (while keeping the same cross sections in the low and large
MX intervals) by choosing a larger value of the parameter D. However, if we were to do this
then we would find that the probability of low-mass dissociation, σlowMD , is too small (due to
the small 〈T 2〉 − 〈T 〉2 dispersion caused by γ1,2 → 1). Moreover, the model would then give an
even steeper dσ/d∆ηF behaviour of the LRG cross sections with increasing ∆ηF . The model
already has dσ/d∆ηF growing a bit faster than the ATLAS and CMS data.
Here, we have adjusted the parameters of the model to give a reasonable description of all
aspects of the available diffractive data. If, instead, we had performed a χ2 fit to the data,
then the few dissociation measurements of TOTEM (values of σSD in three mass intervals
with 20% errors, and one value of σDD) would have carried little weight. On the other hand,
all the TOTEM data are self-consistent between themselves. Moreover, these data reveal a
very reasonable tendency of the dσSD/dξ dependence, close to that predicted in [32] where
the kt distribution of the intermediate partons inside the pomeron ladder, and the role of the
transverse size of the different QCD pomeron components, were accounted for more precisely.
Therefore, we have presented the results of this ‘compromised’ description (and not made a χ2
fit) in order not to discard the interesting new information coming from the recent TOTEM
measurements19.
Of course, it would be best to implement in the model also the effects caused by more
complicated (non-local) structure of the original pomeron. At present we consider just one
‘effective’ pomeron pole renormalized by enhanced absorptive corrections. On the other hand,
bearing in mind the tension we have seen between the results of the different collaborations, it
is too soon to undertake a complete precise analysis, while our present simplified model appears
sufficient to describe the qualitative features of the high-energy diffractive data.
7.3 Predictions of high-energy diffraction observables
For completeness, we give in Table 2 the values of some of the diffractive observables obtained
from the present ‘global’ description of diffractive high energy data. We include, in particular,
the values at collider energies relevant to experiments at the LHC.
Recall that the slow rise of σlowMSD from a model value of 2.6 mb at the CERN-ISR energy
to the value 3.6 mb at the LHC energy of
√
s=7 TeV is due to the growth of the characteristic
momentum of the pomeron, k2t ∝ sD, see (48). We noted that this behaviour agrees with the
TOTEM measurement of low-mass dissociation [43]. Also, as just mentioned above, the energy
dependence of the characteristic kt of the pomeron, which translates into a rapidity dependence,
kt(y), is in accord with the preliminary TOTEM measurements of σSD in the three different
19We do not include in the present description the secondary Reggeon PPR contribution which is partly
‘dual’ to that arising from the G-W diffractive eigenstates. In general, it should be considered in future ‘global’
diffractive analyses, but at present it does not change the situation qualitatively. So we prefer not to introduce
the extra parameters.
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√
s σtot σel Bel(0) σ
lowM
SD σ
lowM
DD σ
∆η1
SD σ
∆η2
SD σ
∆η3
SD σ
∆η
DD
(TeV) (mb) (mb) (GeV−2) (mb) (mb) (mb) (mb) (mb) (µb)
1.8 77.0 17.4 16.8 3.4 0.2
7.0 98.7 24.9 19.7 3.6 0.2 2.3 4.0 1.4 145
8.0 101.3 25.8 20.1 3.6 0.2 2.2 3.95 1.4 139
13.0 111.1 29.5 21.4 3.5 0.2 2.1 3.8 1.3 118
14.0 112.7 30.1 21.6 3.5 0.2 2.1 3.8 1.3 115
100.0 166.3 51.5 29.4 2.7 0.1
Table 2: The predictions of the present model for some diffractive observables for high energy pp
collisions at
√
s c.m. energy. Bel(0) is the slope of the elastic cross section at t = 0. Here σSD
is the sum of the single dissociative cross section of both protons. The last four columns are the
model predictions for the cross sections for high-mass dissociation in the rapidity intervals used by
TOTEM at
√
s=7 TeV: that is, σSD for the intervals ∆η1 = (−6.5,−4.7), ∆η2 = (−4.7, 4.7),
∆η3 = (4.7, 6.5), and σ
∆η
DD is the double dissociation cross section where the secondaries from the
proton dissociations are detected in the rapidity intervals ∆η1 = (−6.5,−4.7) and ∆η3 = (4.7, 6.5),
At
√
s=7 TeV, the three ‘SD’ rapidity intervals correspond, respectively, to single proton dissociation
in the mass intervals ∆M1 = (3.4, 8) GeV, ∆M2 = (8, 350) GeV, ∆M3 = (0.35, 1.1) TeV, see Table
1.
mass (or rapidity) intervals, see Table 1. The decrease of the cross sections for dissociation
at
√
s=100 TeV, seen in Table 2, is because we are beginning to approach the true black disk
limit, where the probability of dissociation tends to zero, while the effective α′eff =
1
2
dBel/d ln s
of elastic slope increases.
The values listed in Table 2 for
√
s=7 TeV are highly constrained by the recent LHC Run
1 measurements. These measurements therefore largely determine the high energy predictions
of the model. When more precise and extensive diffractive data become available, and the
tensions between data sets are reduced, the model predictions may have to be adjusted.
Appendix A: Unified ‘soft’ and ‘hard’ pomeron
‘Soft’ and ‘hard’ high-energy pp interactions are described in different ways. As we have dis-
cussed, the appropriate formalism for high-energy soft interactions is based on Reggeon Field
Theory with a phenomenological (soft) pomeron, whereas, on the other hand, for hard inter-
actions a QCD partonic approach is used, where the (QCD) pomeron is associated with the
BFKL vacuum singularity [29]. However, the two approaches appear to merge naturally into
one another. That is, the partonic approach seems to extend smoothly into the soft domain.
The BFKL equation describes the development of the gluon shower as the momentum
fraction, x, of the proton carried by the gluon decreases. That is, the evolution parameter is
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ln(1/x), rather than the lnk2t evolution of the DGLAP equation. Formally, to justify the use
of perturbative QCD, the BFKL equation should be written for gluons with sufficiently large
kt. However, it turns out that, after accounting for NLL(1/x) corrections and performing an
all-order resummation of the main higher-order contributions [73, 74, 75], the intercept of the
BFKL pomeron depends only weakly on the scale for reasonably small scales. The intercept is
seen to be ∆ ≡ αP (0) − 1 ∼ 0.3 over a large interval of smallish kt, Fig. 13. Thus the BFKL
pomeron is a natural object to continue from the ‘hard’ domain into the ‘soft’ region.
BFKL stabilized
LL1/x: Δ0 =
NLL1/x: Δ = Δ0
Δ
0.3
Intercept Δ = αP(0) -1 ~ 0.3Δ depends weakly on kt
for low kt
Δ = αP(0) - 1
Figure 13: The behaviour found for the pomeron intercept at leading and next-leading log(1/x)
order, where α¯s ≡ αs/3pi. When an all-order resummation of the main high-order contributions is
included, ∆ tends to a value of about 0.3 for reasonably large values of αs.
2 
kt 
k’t 
Figure 14: The cascade structure of a gluon ladder. The BFKL or QCD pomeron is the sum of
ladder diagrams, each with a different number of rungs.
The BFKL or QCD pomeron may be viewed as a sum of ladders based on the exchange
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of two t-channel (Reggeized) gluons. Each ladder produces a gluon cascade which develops in
ln(1/x) space, and which is not strongly ordered in kt, see Fig. 14.
Let us discuss the behaviour of the kt’s along the ladder in more detail. For proton-proton
interactions we have the same initial relatively low scale at both ends of the ladder. So there
is no reason (or direction) for a strong ordering of kt’s along the ladder. In the original Regge
theory it was assumed that the values of the kt’s were limited. Indeed, consider the simplest
λφ3 theory with a dimensionful coupling λ measured in GeV. This theory is superconvergent.
The kt integral corresponding to one cell of the ladder of Fig. 14 is of the form
λ2
∫
d2kt
(k2t +m
2)2
, (67)
where the typical value of kt ∼ m is driven by the mass of the φ meson. Nowadays20, with
QCD, we have a logarithmic theory with a dimensionless coupling αs(k
2). The corresponding
integral takes the form ∫
αs(k
2
t )d
2kt
k2t + k
′2
t
, (68)
where now the value of kt is determined by the value of k
′
t of the t-channel gluon in the
neighbouring cell. Due to the up/down symmetry at each evolution step, the kt of the gluon
may become a few times larger or smaller with equal probabilities. In this way we obtain
the famous BFKL diffusion in lnkt space [72]. Accounting for the running αs(k
2
t ) shifts the
‘diffusion’ in the direction of lower kt. On the other hand, the low kt gluon has a much larger
probability to be absorbed, σabs ∼ 1/k2t . Therefore, finally, the absorptive corrections described
by the enhanced diagrams (which were not included explicitly in the present model21) push the
BFKL diffusion to enlarge the kt(y).
There are phenomenological arguments (such as the small slope of the pomeron trajectory22,
the success of the Additive Quark Model relations23, etc.) which indicate that the size of an
individual pomeron is relatively small as compared to the size of a proton or pion etc. Thus we
may regard the cascade as a small-size ‘hot-spot’ inside the colliding protons.
At LHC energies the interval of BFKL ln(1/x) evolution is much larger than that for DGLAP
lnk2t evolution. Of course, it is not enough to have only one pomeron ladder exchanged; we need
to include multi-pomeron exchanges – that is we must perform eikonal unitarisation (so-called
absorptive corrections) as discussed above.
20A more detailed discussion of this historical development is given in [5].
21The enhanced absorptive corrections, which depend on kt, were included and studied in [32] where, indeed,
we observed this effect; that is, the increase of kt during the BFKL evolution.
22Recall that α′P ∝ 1/〈k2t 〉 ∝ R2Pom.
23The argument is best seen by analogy with nuclear physics. For light nuclei we have ‘additive’ cross sections,
σ = A1A2σNN , since the nuclei radii R  rNN and the nucleons do not screen each other, where σNN and
rNN are the nucleon-nucleon cross section and interaction radius. On the other hand, for a heavy nucleus large
Glauber corrections break the additive result. Similarly, the experimental success of the AQM indicates that
rqq ∼ RPom  Rp – the proton radius.
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Basically, the picture is as follows. In the perturbative domain we have a single bare ‘hard’
pomeron exchanged with a trajectory αbareP ' 1.3 + α′baret, where α′bare <∼ 0.05 GeV−2. The
transition to the soft region is accompanied by absorptive multi-pomeron effects, such that
an effective ‘soft’ pomeron may be approximated by a linear trajectory αeffP ' 1.08 + 0.25t
in the limited energy range up to Tevatron energies [8]. This smooth transition from hard to
soft is well illustrated by Fig. 15, which shows the behaviour of the data for vector meson
(V = ρ, ω, φ, J/ψ) production at HERA, γ∗p → V (M)p, as Q2 + M2 decreases from about 50
GeV2 towards zero24.
Vector meson prodn at HERA
~ bare QCD Pom. at high Q2
~ no absorption
αPbare(0) ~1.3αP(0) ~ 1.1
after absorption
α’Pbare(0) ~0α’P(0) ~ 0.25after absorption
Q2
αP(0)
α’P
Figure 15: The parameters of the pomeron trajectory, αP (t) = αP (0) + α
′
P t, determined from the
energy and t behaviour of high energy HERA data for vector meson production, γ∗p→ V (M)p.
Appendix B: Low-Nussinov pomeron as an example of
σabs ∼ 1/k2t
At high energies a good example of a G-W eigenstate is a state formed by valence quarks, whose
position in the impact parameter (b) plane is fixed. In other words, the interaction with the
24Note, however, that only part of the Q2 dependence of the effective intercept in Fig. 15 is due to absorptive
corrections. Another part is due to the double log dependence of the deep inelastic scattering amplitude,
A(x,Q2) ∝ exp(√(4Ncαs/pi) ln(1/x) lnQ2).
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QCD pomeron (that is, with two t-channel gluons) does not change the b coordinates. Consider
simple two-gluon Low-Nussinov [70, 71] pomeron exchange. In this case, the cross section for
pomeron exchange between two quark dipoles is given by
σab =
32pi
9
∫
dk2t
k4t
α2s [1− Fa(4k2t )] [1− Fb(4k2t )]. (69)
Here the infrared divergency at small kt is cutoff by the interaction with the quark spectators.
In the simplified dipole model this effect is described by the factors [...] in the numerator,
where Fi(4k
2
t ) are the form factors of the incoming colourless dipoles. Due to this cutoff, the
cross section σab ∝ α2sr2. That is, a larger size G-W component corresponding to a larger r,
has a larger cross section. In other words, the cross section σab ∝ 1/k2min, where kmin provides
the effective infrared cutoff for the convergency of the integral in (69). Here, the convergency
is provided by the interaction with the quark spectator. Note that in this simple model σab of
(69) is the inelastic, that is the absorption, cross section.
If, on the contrary, the integral is cutoff at a larger kt by some kmin arising from the internal
structure of the effective pomeron (in a region where the Fi(4k
2
t ) 1), then the cross sections
of the different G-W components will be practically the same.
That is, the value of the cross section is specified by the cutoff induced by the pomeron,
and not by the size of the G-W eigenstates. As a consequence, all eigenstates have the same
cross section, so there is no dispersion, and the interaction will not destroy the coherence of the
wave functions of the incoming protons. Hence, the probability of diffractive dissociation will
be negligible. As was discussed in [5], the value of kmin increases with energy. This behaviour
was shown theoretically in [31, 32], and phenomenologically it was observed in the tuning of
the Pythia8 Monte Carlo [53], where the cutoff has the behaviour
k2min ∼ sβ with β ' 0.24. (70)
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